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Among several bacteria examined, an antibacterial-producing Lactobacillus strain with probiotic characteristics was selected and identified based on 16S rRNA gene sequencing. Subsequent purification and mode of action of the antibacterial compounds on target cells including E. coli were investigated. Maximum production of the antibacterial compound was recorded at 18 h incubation at 30 o C. Interestingly, antibacterial activity remained unchanged after heating at 121 o C for 45 min, 24 h storage in temperature range of 70 o C to room temperature, and 15 min exposure to UV light, and it was stable in the pH of range 2-10. The active compounds were inactivated by proteolytic enzymes, indicating their proteinaceous nature, and, therefore, referred to as bacteriocin-like inhibitory substances. Isolation and partial purification of the effective agent was done by performing ammonium sulfate precipitation and gel filtration chromatography. The molecular mass of the GFC-purified active compound (~3 kDa) was determined by Tris-Tricine SDS-PAGE. To predict the mechanisms of action, transmission electron microscopy (TEM) analysis of ultrathin sections of E. coli before and after antibacterial treatment was carried out. TEM analysis of antibacterial compounds-treated E. coli demonstrated that the completely altered bacteria appear much darker compared with the less altered bacteria, suggesting a change in the cytoplasmic composition. There were also some membrane-bound convoluted structures visible within the completely altered bacteria, which could be attributed to the response of the E. coli to the treatment with the antibacterial compound. According to the in vivo experiments oral administration of L. plantarum HKN01 resulted in recovery of infected BALB/c mice with Salmonella enterica ser. Typhimurium.
Key words: Lactobacillus plantarum HKN01, Salmonella enterica ser. Typhimurium, Transmission electron microscopy, Tris-Tricine SDS-PAGE Lactic acid bacteria (LAB) have been widely used as starter cultures in the food industry for fermentation. Lactobacillus species play a vital role in foodstuffs, because of their fermentative ability and their health and nutritional benefits [19] . These bacteria are able to produce many effective antibacterial agents such as organic acids, hydrogen peroxides and bacteriocins during fermentation [8, 11] . Lactobacillus species among LAB can produce a variety of antimicrobial compounds with different inhibitory spectra, mode of actions, and biochemical characteristics. Bacteriocins are one of the well-known antimicrobial compounds isolated from LAB. They are proteinaceous antibacterial compounds and exhibit bactericidal activity against species closely related to the producer strains [10, 48] . Several types of bacteriocins from food-associated LAB have been identified and characterized, of which nisin, diplococcin, acidophilin, bulgaricin, helveticins, lactacins, lactolin, and plantaricins are the important ones [2, 31] . Several antimicrobial peptides have been recognized in L. plantarum strains isolated from milk and cheese [20, 38] . Bacteriocins are heterogeneous and they are classified largely based on differences in their molecular weights [25] .
LAB also have beneficial effects to the consumers in different ways. Probiotic lactobacilli are known to confer an array of health promoting activities on their host after either parenteral or oral administration [34] . Some of their beneficial effects include prevention of intestinal infection [6] , anticarcinogenic activity [16] , control of serum cholesterol, immunity promotion [1] , and growth enhancement of animals [7] . The mechanism by which these probiotics affect their host and bring about improvement in the gut barrier can be due to competition for adhesion site, production of inhibitory compounds, and rebalancing of disturbed gastrointestinal microbial composition and metabolism [13] . According to the increasing demand for limiting the use of chemical additives in food, natural antimicrobial compounds may have a considerable role in food safety issues [13] . This investigation was conducted to evaluate the potential of indigenous lactobacilli isolated from Iranian traditional dairy products in generating new effective antibacterial agents. Detailed analysis of transmission electron microscopy (TEM) of ultrathin section of E. coli before and after antibacterial treatment was carried out. Some aspects of antibacterial properties of the selected strain for controlling of pathogenic bacterium Salmonella enterica ser. Typhimurium (hereinafter written as Salmonella Typhimurium) was studied in the laboratory mice model as well.
MATERIALS AND METHODS

Sample Preparation and Isolation of Assumed Lactobacilli
One gram of dairy samples was dissolved in sterile 0.9% normal saline and 10-fold serial dilutions were primed. A volume of 0.1 ml of appropriate dilutions was spread-plated in triplicate on MRS agar (Merck, Germany) for isolating lactobacilli. All plates were incubated at 30 o C for 48-72 h under microaerophilic conditions. Colonies of catalase-negative and Gram-positive rods were regarded to be lactobacilli. These colonies were subcultured into MRS broth and 15% (v/v) glycerol stocks were provided.
Screening for Antibacterial-Producing Lactobacilli and Assays
Detection of isolates with antibacterial activity and evaluation of their effectiveness were performed by well-diffusion assay [5] . Indicator organism was sprayed on Muller Hinton agar plates and 100 µl of the 2-fold serially diluted cell-free culture supernatant was transferred into the formed wells in the agar plates, while MRS medium served as a control. The amount of antibacterial compound production was calculated as arbitrary units. One arbitrary unit (AU) was defined as the reciprocal of the highest dilution showing a clear zone of growth inhibition of the indicator strain [26] .
Indicator Strains and Culture Conditions
Escherichia coli (PTCC 1338) was used as the indicator organism during screening tests. Once the compound was isolated and purified, its antimicrobial spectrum was studied against the other pathogenic microorganisms listed in Table 1 
Preparation of Culture Supernatant of Lactobacilli
Cultures of lactobacilli were grown aerobically in MRS broth at 30 o C for 48 h. After incubation, the bacterial cells were removed by centrifugation at 10,000 ×g for 10 min at 4 o C. The supernatant was adjusted to pH 7 with 1 mol/l NaOH to eliminate the inhibitory effect of organic acids. The cell-free supernatant was filter sterilized through a 0.22 µm filter and stored at -70 o C for subsequent analysis.
Identification of the Antibacterial-Producing Bacterial Isolate
The selected isolate as a potential antibacterial producer was preliminarily identified on the basis of its cultural, morphological, physiological, and biochemical characteristics [41] , followed by partial 16S rRNA gene sequence analysis conducted at the American Culture Collection of Microorganisms (ATCC) [27] . The resulting sequence was aligned with available, almost complete sequences of type strains of genus Lactobacillus and then with corresponding sequences of representative Lactobacillus species. In each case, the reference sequence was retrieved from the GenBank databases. The phylogenetic tree (diagram) was illustrated using Version 4 of MEGA (Molecular Evolutionary Genetics Analysis), corresponding that the bacterial strain is closely related to Lactobacillus plantarum with similarity matrix of 100% ( Fig. 2 ).
Probiotic Properties of Lactobacillus plantarum HKN01 Preliminary selection by PCR amplification. In order to assess the probiotic properties of the isolate, L. plantarum HKN01 was tested by PCR to search for the presence of bsh and msa genes encoding for the bile salt hydrolase (BSH) and the mannose-specific adhesion (MSA), respectively. The primers had the following sequences: 5'-CGTATCCAAGTGCTCATGGTTTAA-3' (bsh for, nucleotide position 150568 to 150593 of the bsh gene), 5'-ATGTGTACTGCC ATAACTTATCAATCTT-3' (bsh rev, nucleotide positions 151487 to 151460), 5'-GCTATTATGGGGATTACGTTG-3' (msa for, nucleotide position 133061 to 133081 of the msa gene), and 5'-CTGTCTTGA CAATAGCCATATA-3' (msa rev, nucleotide positions 134801 to 134781). The primers were designed to obtain PCR product lengths of 919 bp (for bsh) and 1,740 bp (for msa). PCR amplifications were performed in 25 ml volumes with 0.5 mM of each primer, 2 Tolerance to Acidic pH Tolerance of Lactobacillus plantarum HKN01 to acidic pH was assessed by growing bacteria in acidic MRS broth. MRS broth was poured in test tubes and pH 2.0, 4.0, and 7.0 was adjusted with 1 M HCl and 0.5 M NaOH. An amount of 10 5 CFU/ml of HKN01 strain was poured in to each tube. The test tubes were incubated at 37 o C for 120 min. Survival of isolate was evaluated as the percentage of growth compared with the control.
Bile Resistance
The ability of the Lactobacillus plantarum HKN01 to grow in the presence of 0.3%, 0.5%, and 1.0% of bile (w/v) was determined.
The strain was inoculated [2% (v/v)] into MRS broth with 0.3%, 0.5%, or 1% (w/v) of bile and then cultures was incubated at 37 o C for 24 h. The growth of bacteria were measured at 560 nm and compared with control culture. The results were expressed as the percentage of growth (A560 nm) in the presence of bile salts compared with the control.
Bile Salt Hydrolytic (BSH) Activity BSH activity of Lactobacillus plantarum HKN01 was verified by a plate screening procedure [35] . To this end, overnight cultures of HKN01 strain were spotted on MRS agar plates containing 0.37 g/l CaCl 2 and 0.5% sodium salt of glycodeoxycholic acid (GDCA) (Sigma Aldrich). Plates were anaerobically incubated at 37 o C for 72 h. The presence of inhibition zone around colonies or white opaque colonies indicated BSH activity. The negative control was the inoculums of HKN01 strain in MRS without supplementation.
Tolerance to NaCl
To determine the salt tolerance of strain HKN01, test tubes containing MRS broth were adjusted with different concentrations (1%, 3%, and 5%) of NaCl. After sterilization, each test tube was inoculated with 1% (v/v) fresh overnight culture of strain HKN01 and incubated at 37 o C for 24 h. After 24 h of incubation, bacterial growth was determined by observing their turbidity, comparing with MRS without NaCl as the control.
Tolerance to Stimulated Gastric Juice
Overnight culture of strain HKN01 was pelleted by centrifugation and washed twice with phosphate buffer (0.1 M, pH 7.0). Then, it was resuspended in sterile electrolyte solution (SES; 0.22 g/l CaCl 2 , 6.2 g/l NaCl, 2.2 g/l KCl, 1.2 g/l NaHCO 3 ) and immediately added to the same volume of gastric solution [0.6% (w/v) pepsin (Merck, Germany), 1% (w/v) NaCl]. Cell suspensions were immediately placed in a water bath (37 o C) and gradually acidified, under gentle agitation, from pH 5.0 to 2.2 in 90 min [4, 28] . Cell counts on MRS agar were performed at time 0, 30, 60, 70, 80, and 90 min. Washed cells resuspended in phosphate buffer and subjected to the same conditions as treated samples were used as controls. Survival rate was calculated as percentage of the CFU/ml after 30, 60, 70, 80, and 90 min.
Lysozyme Resistance
Overnight culture of Lactobacillus strains were pelleted by centrifugation, washed twice with phosphate buffer (0.1 M, pH 7.0), and resuspended in 2 ml of Ringer solution (Sigma Aldrich). Then 10% of the bacterial suspensions was inoculated in a sterile electrolyte solution (SES) in the presence of 100 mg/l of lysozyme (Sigma Aldrich) for 30 and 120 min [49] . Bacterial suspensions in SES without lysozyme were included as controls. Samples were incubated at 37 o C and colony counts were carried out on MRS agar (48 h; 30 o C). Survival rate was calculated as percentage of the CFU/ ml after 30 and 120 min compared with the CFU/ml at time 0.
Heat Resistance and pH Sensitivity of the Effective Compound
To determine the temperature stability, bioactive compounds either before or after partial purification were incubated at different temperatures (30 o C, 90 o C, and 100 o C for 30 min and 121 o C for 45 min). The remained activity was detected by the well-diffusion method. The effect of pH on antibacterial activity of cell-free supernatant was tested by adjusting the pH to 2.0, 4.0, and 10.0 with HCl (1 M) or NaOH (1 M) and incubating at room temperature for 2 h. In order to elucidate the possible role of acidic pH values in the inhibition of indicator microorganism, MRS broth with the same pH values was used as the control [35] .
To determine the inhibitory spectrum, L. plantarum HKN01 was incubated in MRS broth at 30 o C for 18 h. Then the cells were removed by centrifugation at 10,000 ×g for 10 min, the pH of the cell-free supernatant was adjusted to 6.5, and the inhibitory effects on various bacterial strains were tested.
Stability During Storage and Exposure to UV Light
For evaluation of storage stability, 10× concentrated cell-free supernatant aliquots containing active substances and its purified form were kept at room temperature, 0, 4, 20, and -70 o C for 24 h. After that, the samples were subsided periodically and antimicrobial activity was assayed [32] . Sterile Petri dishes containing 10 ml of 10× concentrated cell-free supernatant were exposed to UV irradiation (UVP bulb, wave length 340 nm, 220-240 V, 50 Hz,) situated at a distance of 30 cm from the Petri dishes [26] . Time of exposure to UV light was 15 min, after which the antibacterial compound activity was estimated.
Effect of Exposure to Different Chemical Compounds
Non-ionic surfactants (Triton X-100, Tween 20, Tween 80), anionic surfactant (sodium dodecyl sulphate), and urea were obtained from Sigma-Aldrich Chemical Co. and 0.01 g or 0.01 ml of each was added to 1 ml of 10× concentrated cell-free supernatant and purified active substances to achieve 1% concentration. These preparations were incubated at 30 o C for 60 min and antibacterial activity was assayed using the well-diffusion method [24] .
Enzyme Treatment
Enzyme treatment was done to screen the susceptibility of the Lactobacillus antibacterial compound to various proteases. For this purpose, the antibacterial compound was incubated in the presence of pepsin (1 mg/ml) and trypsin (1 mg/ml) at 37 o C for 2 h. After incubation, the enzymes were inactivated by heat treatment at 65 o C for 30 min and tested for antibacterial activity [33] .
Organic Solvents Ability on Resolving the Active Compound and Their Impact on the Antibacterial Activity Different organic solvents were used to extract the bioactive compounds of the cell-free supernatant. Their ability in resolving the effective compounds and their impact on the antibacterial property of these active substances were assessed by evaluation of the antibacterial activity of aqueous and organic phases in each case, in comparison with the cell-free supernatant as a control, using the well-diffusion agar method.
Various solvents such as n-hexane, chloroform, i-amylalcohol, and n-propanol were added to cell-free supernatant at a 1:1 ratio. In the case of n-propanol, 20 g of NaCl per liter of the mixture was added in order to obtain phase separation. The mixtures were thoroughly mixed and centrifuged at 10,000 ×g at 4 o C for 2 min to achieve phase separation. The aqueous and organic phases were collected and the solvents were then removed by evaporation at 45 o C. The residue of organic phase was resuspended in 0.85% saline in the volume equal to the culture supernatant and antibacterial properties of organic and aqueous phases were evaluated [43] .
Extraction, Precipitation, and Purification Molecular size estimation. Three, 10, and 30 kDa cut-off membranes were used to estimate the size of the antibacterial compound. The 10× concentrated cell-free supernatant was passed through the membranes and antibacterial activity of filtrate and concentrate was determined using the well-diffusion assay to estimate the molecular size of the effective compound. Cell-free supernatant was precipitated with ammonium sulfate (60% saturation) with gentle stirring and left overnight at 4 o C and then centrifuged for 45 min at 15,000 ×g [50] . Antibacterial activities of both phases were examined, looking for the antibacterial compound and estimating its size. For gel filtration chromatography, 1 ml of 10× concentrated cell-free supernatant was applied to an 1,140×13 mm Sephadex G25 (Sigma Aldrich) column equilibrated with Mili-Q water. Phosphate buffer was used as the eluent and the flow rate was maintained at 40 drops/min using a peristaltic pump and fractions of 2 ml were collected. The absorbance value of each fraction at 280 nm was read spectrophotometrically (Shimadzu, Japan) as an indicator for protein concentration. Each fraction was condensed 2 times before determination of its antibacterial activity. The amount of protein in various samples was determined by the method of Bradford using bovine serum albumin as the standard. E. coli (PTCC 1338) was used as indicator strain for determination of antibacterial activity of the fractionates.
SDS-PAGE Analysis
The molecular weight of the effective compound was determined by Tris-Tricine SDS-PAGE with 4% stacking gel and 16% separating gel. The effective fractions of the gel filtration step were collected and condensed two times. Then it was passed through the 10 kDa membrane and the filtrate and protein marker (Fermentas) were run together in one gel at 200 V for 7 h. The gel was stained with AgNO 3 .
In Vivo Investigation of Health Promoting Effect of Lactobacillus plantarum HKN01 Twenty-four female BALB/c mice (6-7 weeks of age) were purchased from Pasteur Institute of Iran and housed under specific pathogen-free condition and were supplied with steam-sterilized pellet food and drinking water.
L. plantarum HKN01 was cultured for 18 h in MRS broth medium at 30 o C in a shaking incubator of 100 rpm to reach to midlogarithmic phase. Salmonella Typhimurium was reached to OD 0.5 McFarland. One group of L. plantarum HKN01 was washed three times with ice-cold PBS and heat killed at 100 o C in PBS for 30 min. The heat-killed bacteria were stored at -20 o C for subsequent use.
The animals were divided into eight groups, each group containing 3 mice. The group A of animals was kept without any treatment (the healthy control group). The B, C, and D groups were not infected with S. Typhimurium but were orally treated once a day with culture of L. plantarum HKN01, cefteriaxone, and heat-killed L. plantarum HKN01 in the above-mentioned doses, respectively. The group H was orally infected with 1×10 8 cells of S. Typhimurium without any other treatment (the infected control group). The groups E, F, and G of animals were orally challenged with S. Typhimurium in the same infection dose and orally treated once a day with 10 8 cells of L. plantarum, 0.5 g of heat-killed L. plantarum, and 5.2 mg/kg body weight cefteriaxone antibiotic, respectively. All of the cages were disinfected with 70% ethyl alcohol every morning. Stool sample was collected from each cage at early morning every day. Plate count method using SS agar was performed to enumerate viable S. Typhimurium of stool samples. The plates were incubated at 37 o C for 24 h before enumeration. A sensitive balance was used for weighing the mice every day.
Bacterial Translocation Assay
At the end of the feeding period, mice were killed by cervical dislocation and the liver and spleen were aseptically removed. Before liver and spleen removal, blood samples were collected to screen for translocation of bacteria to the blood. Organs were homogenized in 5 ml of 0.1% sterile peptone water and 1 ml of each homogenate was placed on SS agar and MRS agar. Blood sample was incubated at 37 o C for 24 h and then placed on SS agar and MRS agar as well. Plates were incubated under aerobic conditions for 48 h at 37 o C. At the end of the incubation period, plates were examined and the result was expressed as positive (presence of bacteria on plates) or negative (absence of bacteria on plates) bacterial translocation. Translocation was considered to have occurred when colonies were observed on agar plates, since the liver and spleen are organs normally devoid of bacteria.
Histological Studies of the Small Intestine
As Salmonella Typhimurium affected the intestinal tract of mice, the jejunum of mice was removed from treated and control groups at the end of the feeding period and immediately and smoothly flushed with 5 ml of cold (5 o C) buffered formaldehyde fixing solution to avoid tissue damage by the action of autolytic enzymes. Organs were processed for paraffin inclusion following the Sainte-Marie technique [40] . Serial paraffin sections (4 mm) were stained with hematoxylin-eosin, followed by light microscopy examination.
Transmission Electron Microscopy (TEM) Analysis
To assess the morphological characteristics of the bacteria and their by-products, a small pellet of the bacteria were exposed to 2.5% gluteraldehyde in 0.1 M sodium cacodylate buffer and kept at 4 o C for 24 h to fix the bacteria. The fixative solution was then carefully removed and the pellet was washed three times for 10 min with 0.1 M cacodylate washing buffer. The pellets containing the bacteria and their by-product were dehydrated with ethanol in increments of 10% from 30% up to 90%, allowing 5 min intervals between each increment. The specimens were then further dehydrated twice with 100% ethanol over 10 min intervals. Following dehydration, the pellets were infiltrated by adding increasing amounts of epon to ethanol (from 1:1 to 3:1), allowing 30 min intervals between each subsequent addition. Pure epon, deaerated under vacuum (constant pressure <25 psi) was then added to the pellets, and allowed to stand for 1 h under vacuum to remove ethanol residue and air bubbles in the epon. Finally, the pellets containing wells were refilled with new epon and placed in an oven at 60 o C for 48 h to polymerize the epon. For TEM observation, ultrathin sections (70 nm thick) were cut and transferred to TEM grids (200 mesh copper grids; EMS Sciences, USA). Digital images were acquired using a Gatan 792 239 Bioscan 1k × 1k Wide Angle Multiscan CCD camera in Tecnai 12 FEI TEM at 120 kV.
Analysis
Cell growth was determined using a spectrophotometer at 600 nm (OD 600) and dry mass was measured from a standard curve of optical density versus dry mass. Lactic acid concentrations were analyzed by a high-performance liquid chromatography system equipped with a UV detector at 210 nm. A Rezex ROA (300 × 7.8 mm; Phenomenex) column was eluted with 5 mol/l H 2 SO 4 as the mobile phase at a flow rate of 0.4 ml/min and the column temperature was maintained at 45 o C. One milliliter of culture broth samples was taken every 4 h throughout the fermentation and then centrifuged at 14,000 rpm for 10 min in order to separate the cell mass and other insoluble materials. Supernatants were diluted 10 times to get more precise results from the HPLC. All the standard solutions were prepared and dilutions were done with 5 mM H 2 SO 4 , which was the mobile phase used in HPLC.
RESULTS
Screening for Antibacterial Activity and Identification of Selected Isolate
Eighty Lactobacillus strains were isolated from Iranian traditional dairy products and screened for antibacterial potential activities. The most potent isolate with the largest inhibition zone was selected and named L. plantarum HKN01. The isolated strain had Gram-positive, catalasenegative characteristic, and non-spore-forming long-rod microscopic appearance. Scanning electron microscope image of the strain is shown in Fig. 1 . The strain was identified by sequencing the 1,280 bases of the 16S rRNA gene in forward direction followed by BLAST homology search. In 16S rRNA sequencing and phylogenetic analysis, 100% similarity was noted with Lactobacillus plantarum CAG20 (Fig. 2) . The sequence (1,280 bp) was deposited in Gen Bank with the accession number jF803826.
The greatest increase in antibacterial activity pattern of the culture supernatant of HKN01 as an indicator to the active compound production was detected during the late logarithmic phase (Fig. 3) . L. plantarum HKN01 showed a broad inhibitory spectrum including Gram-negative and Gram-positive bacteria ( Table 1) .
Effects of Physicochemical Treatments on the Antibacterial Activity
The partially purified antibacterial (PPA) compound was heat stable at all studied temperatures. It retained full activity even after 45 min at 121 o C. It could be stored at temperature range of -70 to +25 o C for 24 h without activity loss. The PPA compound was not sensitive to treatment with 1% (w/v) SDS, Tween 20, Tween 80, Triton X-100, and urea. It remained stable after incubation for 2 h at pH values ranging from 2.0 to 10.0 and exposure to UV light. The active compounds were inactivated by proteolytic enzymes (pepsin, trypsin), indicating their proteinaceous nature and, therefore, referred to as bacteriocin-like inhibitory substances.
Evaluation of the antibacterial property of mixed cellfree supernatant and organic solvents revealed a destructive effect of n-hexane and chloroform on the antibacterial activity, whereas n-propanol and amylalcohol did not change the antibacterial activity of the culture supernatant. According to the antibacterial properties of the aquatic and organic phases, the active compound was almost eventually present in the both phases in the n-propanol and amylalcohol cases. The aquatic phase in the case of n-hexane had an antibacterial potency similar to the aqueous phases of n-propanol and amylalcohol but had not no activity in the organic phase. This could be because of probable negative effect of the solvent on the solved part of the supernatant. This was in agreement with the observed negative effect of n-hexane on the antibacterial property of the supernatant and n-hexane blend. In the case of chloroform, there was not no detectable antibacterial activity in the supernatant-solvent blend and the aquatic and organic phases ( Table 2) .
Probiotic Properties of Lactobacillus plantarum HKN01
One of probiotic properties of Lactobacillus plantarum HKN01 was recognition on the basis of species-specific PCR for bsh and msa genes. The results showed that Lactobacillus plantarum HKN01 carrying the expected amplicons of bsh and msa genes (data not shown). HKN01 strain showed high lysozyme resistance with a survival rate greater than 95.35% at all the incubation times. The strain showed a capability to grow in the presence of bile (65.56%) values. Results obtained from simulated gastric juice conditions showed no significant difference occurred during the first 60 min when pH decreased from 5.0 to 2.5. Lactobacillus plantarum HKN01 did not show a significant reduction in cell number after 70 min (pH 2.4) and 80 min (pH 2.3). Finally, when the pH of simulated gastric juice reached 2.2, strain HKN01 showed survivor counts still higher than 6 log CFU/ml after 90 min (Table 3 ). According to the results shown in Table 3 , L. plantarum HKN01 is a potent probiotic strain, and can be a favorable choice for applications in dairy industries. Another probiotics properties is BSH activity, which involves deconjugation of bile salts to primary bile salts, and protects bacteria from the toxicity of conjugated bile salts, being considered a detoxification mechanism of vital importance to bacterial communities (such as lactobacilli), which are typically associated with the human GIT. The selected Lactobacillus strain possessed the bsh gene and expressed BSH activity as well. Moreover, the tolerance of L. plantarum HKN01 to different percentages of NaCl was 90.86, 85.76, and 65.12 for 1%, 3%, and 5% of NaCl, respectively. According to the different parts of the gastrointestinal pH, tolerance to pH of 2, 5, 7, and 9 for the selected strain was 77.23, 99.34, 74.34, and 61.23, respectively.
Purification
Step Molecular size estimation using dialysis membranes indicated that the antibacterial substance was a dialyzable molecule smaller than 10,000 Da. The antibacterial compound was retained in the solution phase after precipitation of cell-free supernatant by 60% saturation ammonium sulfate and fractionation by Sephadex G25 column, which resulted in detection of antibacterial activity and highest protein content in the 36, 37, and 38 th fractions of the collected fractions (Fig. 4) . The molecular mass of the isolated active compound was determined as 3 kDa by Tris-Tricine SDS-PAGE ( Fig. 5 ).
In Vivo Results
Oral administration of live or heat-killed Lactobacillus plantarum HKN01 resulted in healthy recovery of infected mice by S. Typhimurium. No remarkable increase in body weight was detected except in healthy mice supplied with live or heat-killed Lactobacillus plantarum HKN01. No remarkable decrease in body weight was detected except in groups F and H. In relation to the translocation assay, no bacterial colonies were detected on both SS agar and MRS agar; therefore, no microbial translocation was induced to extra-intestinal sites (liver and spleen) by the oral administration of the selected strain at the chosen doses. 9.66 ± 0.07 9.55 ± 0.05 9.43 ± 0.04 8.28 ± 0.08 6.37 ± 0.03 6.13 ± 0.04 Fig. 4 . Absorbance values of fractionates obtained from gel filtration chromatography of Lactobacillus plantarum HKN01 culture supernatant at 280 nm after gel filtration chromatography using a Sephadex G-25 column.
Each fraction was condensed two times before determination of its antibacterial activity. Histologic sections of organs were examined by light microscopy. The first group (A) was considered a control group, and a common type of both acute and chronic cells count was typically observed in this group. The groups B, C, and D animals were not infected with S. Typhimurium and were orally treated once a day with culture of L. plantarum HKN01, cefteriaxone, and heat-killed cells in the above-mentioned doses, respectively. Acute and chronic cells counts were the same as the control group. However, lymphocytes were observed under the mucous membrane lining the intestine in groups C and D. Acute and chronic cells counts were less than the normal range in group E. The groups F and G animals were orally challenged with S. Typhimurium in the same infection dose and orally treated once a day with 0.5 g of heat-killed L. plantarum and 5.2 mg/kg body weight cefteriaxone antibiotic, respectively. Both acute and chronic cells counts dropped below normal range. When compared with the other animals examined, both acute and chronic cells counts were expressed at highest level in group H animals. It is well known that mucus aids to protect epithelial cells in the gastrointestinal systems of mammals against infectious agents such as fungi, bacteria, and viruses. Salmonella Typhimurium infection in animals (group H) caused the least mucus secretion volume. However, by treating animals with live L. plantarum HKN01 (group E), the secretion of mucus was significantly increased (Fig. 9 ). The results from Salmonella Typhimurium colony count in feces demonstrated that the level of the viable S. Typhimurium was lower in the protected and treated groups of mice than in the control groups (data not shown).
TEM Analysis
Transmission electron microscopy images of ultrathin sections prepared from E. coli cultures treated with the antibacterial compound and grown at different time-points began to show extensive morphological changes after 2 h incubation. In contrast, the control samples grown under the same conditions showed no morphological changes at any time-point (Fig. 6 ). The cultures exposed to the antibacterial compound contained a mixture of two distinct E. coli, one with morphology similar to the control containing white spots, suggesting cytoplasmic damage, and the other completely altered with a clear change of shape and size as well as structural modification of the cell wall (Figs. 6A-6D). Owing to a different response to staining, the completely altered bacteria appear much darker compared with the less-altered bacteria, suggesting a change in the cytoplasmic composition. There were also some membrane-bound convoluted structures visible within the completely altered bacteria (Figs. 7C-7D ), which can be attributed to the response of the E. coli to the treatment with the antibacterial compound. The altered bacteria showed a relatively thick cell wall, in some cases having a multi-cytoplasmic membrane. A polymeric precipitate covered the outer surface of the altered bacteria. In cultures exposed to antibacterial compound for more than 1 h, similar polymeric debris was observed in the matrix. In general, the lack of cell debris and biomass suggests that there is no massive cell damage, which would lead to cell lysis. The number of bacteria, however, was drastically decreased after 8 h of treatment. In some cases, severe damage to the membrane and cytoplasmic component was visible ( Figs. 8A-8B ).
DISCUSSION
In the present work, lactobacilli isolated from traditional dairy products were chosen and used to find a new antibacterial agent with possibility to use in foodstuffs regarding to their high potential in producing various antimicrobial agents as well as their general recognition as safe (GRAS) microorganisms. The isolate exhibited the highest antibacterial activity chosen for further analysis of its metabolites and after 16S rRNA-based identification was named as Lactobacillus plantarum HKN01. Finally, the antibacterial compound of L. plantarum HKN01 was purified and characterized. Maximal production of the antibacterial compound of L. plantarum HKN01 was observed in mid-logarithmic stage at 30 o C. The production of bacteriocin MMT21 [18] , bacteriocin ST8KF [36] , and thoeniicin 447 [46] were similarly maximized during the stationary growth phase. The slow decrease in antibacterial activity of culture supernatant in the later stationary growth phase of L. plantarum HKN01 might be due to the partial digestion of the antibacterial compound by proteolytic enzymes released from the cells.
The antibacterial compound of L. plantarum HKN01 endured treatment with 1% (w/v) SDS, Tween 20, Tween 80, Triton X-100, and urea. Similar results were recorded for bacteriocin AMA-K produced by L. plantarum AMA-K [44] . Although bacteriocins ST26MS and ST28MS produced by L. plantarum ST26MS and ST28MS are sensitive to treatment with 1% (w/v) Tween 20, Tween 80, Triton X-114, and Triton X-100, 1% (w/v) SDS and urea had no negative effect on their antimicrobial activity [45] . Plantaricin C19 produced by L. plantarum C19 lost its activity after treatment with SDS or Triton X-100 as described by Atrih et al. [3] . Bacteriocin ST8KF produced by L. plantarum ST8KF lost its activity after treatment with Triton X-100 [36] . According to Delves-Broughton et al. [9] , bacteriocins produced by LAB are generally most stable under acidic conditions, and many of them, including nisin, are easily inactivated under neutral and alkaline conditions. This has been an obstacle to expand the use of these compounds. The antibacterial compound of L. plantarum HKN01 was found to be stable after incubation at pH values between 2.0 and 10.0, meaning it remained stable under neutral and alkaline pH conditions. It was also heat resistant and tolerated 121 o C for 45 min. Thermostability is considered a really valuable characteristic, which provides a vast functionality for the compound in the food industries as a preservative, especially against heat-resistant pathogens.
According to the results obtained here, the antibacterial compound produced by L. plantarum HKN01 was stable over a wide range of pH and against heat treatment, in accordance with plantaricin 35d [30] , plantaricin TF711, bacteriocin ST8KF [36] , bacteriocin AMA-K [44] , and bacteriocin J23 [39] . There are also other heat-stable plantaricins that are active in a narrow range of pH, such as the case of plantaricin F [15] , plantaricin LC74 [37] , and plantaricin UG1 [12] . It was able to inhibit Gram-negative and -positive bacteria, especially E. coli, S. Typhimurium, and K. pneumonia. Stevens et al. [42] theorized that bacteriocins of LAB are inefficient in inhibition of Gramnegative bacteria because of hindering of the acting site of bacteriocin by the outer membrane [42] . According to Jimenez-Diaz et al. [23] , most bacteriocins produced by L. plantarum merely inhibit Gram-positive bacteria and the spectrum of their activities are rather narrow, such as plantaricin S and T [23] , plantaricin C [20] , plantaricin D [14] , and plantaricin W [22] . However, a few bacteriocins produced by L. plantarum have been reported to be active against Gram-negative bacteria. Bacteriocins ST26MS (2.8 kDa) and ST28MS (5.5 kDa) produced by L. plantarum ST26MS, and ST28MS respectively, can inhibit Acinetobacter, Escherichia and Pseudomonas [45] . Bacteriocin AMA-K (2.9 KDa) produced by L. plantarum AMA-K can inhibit E. coli, as described previously [44] .
The bactericidal without bacteriolytic feature of the antibacterial compound on E. coli, as described previously [50] , is compatible with acidocin B and other bacteriocins from LAB like plantaricin 423 [47] and lactococcin MMT24 [17] .
The in vivo experiments were performed to examine the potential inhibitory effect of Lactobacillus plantarum HKN01 on Salmonella Typhimurium using BALB/c mice. Six days treatment with L. plantarum HKN01 recovered infected mice with S. Typhimurium. According to a previous study, heat-killed Lactobacillus induced up-regulation of secretary IgA production [29] . Consequently, heat-killed lactic acid bacteria, owing to their extended shelf life, more convenient transportation and storage possibility, and less interaction with other components of food products, could be a fascinating topic for future investigations.
Altogether, as oral administration of live or heat-killed Lactobacillus plantarum HKN01 resulted in healthy recovery of infected mice by S. Typhimurium, it may serve as the basis in emerging alternative approaches to combat Salmonella infections. In addition, inherent stability coupled with the small size of antibacterial agent produced by HKN01 strain; makes it ideally suited for possible process development applications in food and pharmaceuticalrelated industries.
